In order to investigate the effect of the amount of NH 4 -N applied (hereafter referred to as the "NH 4 -N application amount") on the growth and nutrient uptake of Chinese chive (Allium tuberosum Rottler ex Spreng.) plants in hydroponic culture, seven different NH 4 -N application amounts using a free drainage system were examined between transplantation and harvest. To exactly evaluate the absorption of nutrients, all of the drained fluid was collected and analyzed. NH 4 -N was applied with irrigation once for each 1 MJ of accumulated solar irradiation per square meter. The NH 4 -N application amount for each irrigation event was 0, 5, 11, 21, 42, 84, and 168 µg/ plant/MJ/m 2 (expressed as µg/plant/MJ in this paper) respectively. The results showed that the amounts of K, Ca, and Mg taken up by the plants decreased with the increase of the NH 4 -N application amount. The amount of NH 4 -N taken up by the plants (hereafter referred to as the "NH 4 -N uptake amount") increased significantly with the increase of the NH 4 -N application amount, while the absorption of NO 3 -N was not influenced. There was a significant positive relationship between the NH 4 -N application amount and NH 4 -N uptake amount, based on the law of diminishing returns. When the NH 4 -N application amount ranged from 0 to 84 µg/plant/MJ, the yield of Chinese chive plants increased gradually with the increase of the NH 4 -N application amount. The highest yield was obtained when the NH 4 -N application amount was 84 µg/plant/MJ. The corresponding uptake amounts of NH 4 -N, NO 3 -N, P, K, Ca, and Mg were 10.7, 14.6, 6.0, 22.5, 3.3, and 2.0 mg/plant, respectively. When the NH 4 -N application amount increased up to 168 µg/plant/MJ, the yield of the Chinese chive plants significantly decreased. Comparison of the results obtained in the previous and present studies suggested that the critical amount of NH 4 -N for the growth of Chinese chive plants should be in the range of 33-35 mg·g −1 DW, as excessive absorption damaged growth. For the cultivation of Chinese chive plants, the NH 4 -N uptake amount of Chinese chive plants appeared to be more important than its concentration in the nutrient solution.
Introduction
Hydroponics has been extensively used in vegetable culture due to the possibility of saving fertilizer, as well as solving some of the problems associated with protected cultivation, including continuous cropping injury caused by salt accumulation or soil-borne diseases (Ikeda, 2002; Jensen, 1999; Jung, 1994) , and accumulation of nitrate in the harvested products (Jensen, 1997; Wang and Ito, 1998) . Moreover, hydroponics plays an important role in environmental protection and sustainable agriculture development (Ikeda, 2002; Ito, 1999 Ito, , 2006 Yoshida et al., 1998) .
Although NO 3 -N is the main nitrogen source for a hydroponic nutrient solution, many researchers have suggested that the addition of an appropriate amount of NH 4 -N to the nutrient solution would exert a beneficial effect on plant growth, yield and quality (Ahn and Ikeda, 2004; Hohjo et al., 1992; Ikeda and Osawa, 1983; Ikeda and Tan, 1998; Ikeda et al., 1985; Masui et al., 1982) . The addition of NH 4 -N also plays an important role in maintaining the pH value of the nutrient solution (Tsukagoshi, 2002) , but excessive supply of NH 4 -N is extremely harmful to plants (Hohjo et al., 1992; Ikeda and Osawa, 1980; Zhong and Kato, 1988; Zhang et al., 2005) . In our previous report (Wu et al., 2008) , we observed that the dry weight of Chinese chive (Allium tuberosum Rottler ex Spreng) plants decreased with the increase of the total nitrogen concentration of the nutrient solution within a range from 3 to 24 me/L. The NH 4 -N uptake amount in the treatment with 24 me/L total nitrogen concentration increased by 71.7% compared to that in treatment with 3 me/L total nitrogen concentra-260 tion, while the NO 3 -N uptake amount did not change appreciably. It was suggested that the dry weight reduction of Chinese chive plants with the elevation of N concentration in the nutrient solution might be due to excessive application and/or excessive uptake of NH 4 -N. However, we could not determine the proper NH 4 -N application amount for the deep flow technique (DFT) system, because the nutrient solution was renewed every 7 days to regulate the concentration, which might have accelerated NH 4 -N absorption from a large quantity of nutrient solution. Therefore, in order to elucidate the cause of the reduction of the plants, dry weight under higher NH 4 -N application conditions and to determine the proper NH 4 -N application amount for hydroponic culture of Chinese chive plants, we studied the effect of the NH 4 -N application amount on the growth and nutrient uptake of Chinese chive plants. In the present study, we used a free drainage substrate system which enables precise control of the amount of NH 4 -N supplied in order to obtain basic data for the development of a practical hydroponic system for Chinese chive plants.
Materials and Methods

Preparation of Chinese chive plants
All experiments were carried out in a plastic greenhouse of Chiba University, Japan. Seeds of the Chinese chive cultivar 'Green Road' (Sakata Seed Corporation, Yokohama, Japan) were sown in 253-cell trays filled with rockwool granules on June 3, 2005 (four seeds for each cell). After seedling emergence, the seedlings were irrigated from the bottom with a 1/4 strength nutrient solution (Enshi formula), once a day. They were cultivated until the third leaf became fully expanded (July 22, 2005) . Then the seedlings were transferred to plastic pots (12 cm × 8.5 cm × 9 cm) filled with 0.75 L rockwool substrate, and grown with a 1/2 strength nutrient solution (Enshi formula) until September 2006. The rootstocks of the seedlings were cultured for the experiment. When the temperature in the plastic greenhouse was lower than 12°C, heating was applied (heater) and when the temperature in the plastic greenhouse was higher than 25°C, cooling was applied (ventilation). The plants were moved outside the plastic greenhouse and experienced natural dormancy from late December 2005 to late February 2006.
Experimental design
The study was carried out from October 2, 2006 to October 23, 2006. On September 13, 2006, the stock plants were separated into individual plants and transferred to plastic pots loaded with 0.6 L rockwool substrate, six individual plants per pot. A free drainage system was used with 12 pots per treatment. The plants were pre-cultured with 1/2 strength nutrient solution (leaf onion formula applied in Chiba Agricultural Experiment Station, Japan) for 3 weeks. On October 2, 2006, the plants were cut, leaving the 3 cm top part, and treated with NH 4 -N. The nutrient solution was divided into the basic supply solution and NH 4 -N treatment solution. The pots were connected to two sets of irrigation tubes, i.e. there were two tips per pot, one for the NH 4 -N treatment solution and the other for the basic nutrient solution. The basic nutrient solution for all treatments contained NO 3 -N 4, P 3, K 3, Ca 1, and Mg 1 me/L and lacked NH 4 -N. Trace elements in all nutrient solutions were added according to the Arnon formula. As the underground water contained high levels of NO 3 -N, Ca and Mg, the nutrient solution was prepared with rainwater to ensure that the concentration would be more accurate. An equal amount of nutrient solution was applied each time in all treatments (1.5 mL/plant) with irrigation for each 1 MJ of accumulated solar irradiation per square meter. The application of NH 4 -N each time was as follows: 0, 5, 11, 21, 42, 84, and 168 µg/plant/ MJ in seven different treatments. The corresponding NH 4 -N concentrations in the nutrient solution were 0, 0.25, 0.5, 1, 2, 4, and 8 me/L, respectively. The NO 3 -N application amount of the basic solution for each irrigation event was adjusted to 84 µg/plant/MJ. Drainage of excess nutrient solution from the planting bed was collected daily.
Analytical methods
At the end of the experiment, six pots were sampled from each treatment. The plants were harvested and weighed. Plant height, leaf number, root length and leaf color (chlorophyll meter SPAD-502, Minolta, Tokyo, Japan) were measured. The six sampled pots were treated as six replications for statistical analysis. The plants were dried in a forced-air oven at 65°C to a constant weight and weighed. NO 3 -N and NH 4 -N concentrations of the nutrient solution were determined by UV spectrophotometry (U-2000, Hitachi Ltd., Japan) and by the Nessler colorimetric method, respectively. The P concentration in the nutrient solution was determined by the colorimetric method (U-2000). Ca, K, and Mg concentrations in the nutrient solution were determined by atomic absorption spectrophotometry (Z-6000, Hitachi Ltd.). The nutrient uptake amount was calculated by subtracting the residual amount of nutrients from the given amount of nutrients. Since the water content and nutrient concentrations in the substrate hardly changed throughout the experiment, it was considered that the decrease in the amounts of nutrients in the nutrient solution during the experiment corresponded to the amounts of nutrients absorbed by the plants.
Statistical analysis
Data were subjected to one-way analysis of variance (ANOVA). Means were evaluated using Tukey's multiple range test at 5% level of significance.
Results and Discussion
Effect of NH 4 -N application amount on growth characteristics and yield of Chinese chive plants The differences in height, leaf number and root length values among treatments with different NH 4 -N application amounts were not significant when the NH 4 -N application amount was in the range from 5 to 84 µg/ plant/MJ (Table 1) , however, the values decreased significantly when the NH 4 -N application amount reached 168 µg/plant/MJ (P < 0.05). Table 1 also shows that the leaf color became darker with the increase of the NH 4 -N application amount. When the NH 4 -N application amount ranged from 0 to 84 µg/plant/MJ, the yield increased gradually with the increase of the NH 4 -N application amount (P < 0.05). The highest yield was obtained when the NH 4 -N application amount was 84 µg/ plant/MJ. The yield decreased significantly when the NH 4 -N application amount reached 168 µg/plant/MJ (P < 0.05).
The results obtained indicated that NH 4 -N, as an important nitrogen source, played a significant role in the growth of Chinese chive plants. The growth, yield and quality of crops can be improved when a certain amount of NH 4 -N is added to the nutrient solution, as observed in melon (Masui et al., 1982) , tomato (Hohjo et al., 1992) , sweet pepper (Jung et al., 1994) , Chinese chive (Ahn and Ikeda, 2004) and spinach plants (Zhang et al., 2005) . On the other hand, excessive NH 4 -N was extremely harmful to the plants ( Ikeda and Osawa, 1980; Zhang et al., 2005) . In the present study, we observed that the yield of Chinese chive plants increased with the increase of the NH 4 -N application amount up to 84 µg/ plant/MJ; however, in the treatment with a higher NH 4 -N application amount such as 168 µg/plant/MJ, the plant height and leaf number decreased, and the length of newly developed roots decreased, resulting in a reduced yield of Chinese chive plants. Ikeda and Osawa (1980) reported that the leaves became darker and the roots became brown and shorter when a high concentration of NH 4 -N (12 me/L) was the only N source in cabbage and spinach plants. Zhang et al. (2005) also reported that the yield of spinach plants decreased significantly when the NH 4 -N rate in the nutrient solution reached 75%, and that growth was restricted when the rate of NH 4 -N was 100%. The toxic effect of a high level of NH 4 -N on the growth of plants is generally ascribed to the fact that the NH 4 -N uptake amount is higher than the assimilation amount. This leads to the accumulation of NH 4 -N in plants and the suppression of photosynthetic phosphorylation (Krogmann et al., 1959) , and/or in the respiration of roots and leaves (Vines and Wedding, 1960) , as well as of starch synthesis in the uridine diphosphate glucose cycle (Matsumoto et al., 1969) .
Effect of NH 4 -N application amount on nutrient uptake of Chinese chive plants The NH 4 -N uptake amount of the Chinese chive plants increased significantly with the increase of the NH 4 -N application amount (P < 0.01) (Fig. 1) . Compared to 5 µg/ plant/MJ treatment, the NH 4 -N uptake amount in 84 µg/ plant/MJ treatment and 168 µg/plant/MJ treatment increased 9.7 times and 12.9 times, respectively; however, the NO 3 -N uptake amount hardly changed (P > 0.05), indicating that NO 3 -N absorption by Chinese chive plants was not appreciably affected by the NH 4 -N application amount. This result was consistent with the findings of Ikeda and Osawa (1983) in cabbage and spinach plants, which absorbed NO 3 -N preferentially and in which the NO 3 -N concentration in leaves was not affected by the increased rate of NH 4 -N in the nutrient solution. It can be concluded that although Chinese chive plants also basically absorbed NO 3 -N preferentially, the supply of NH 4 -N at a certain level did not exert a harmful effect on growth.
The P uptake amount increased significantly with the increase of the NH 4 -N application amount within the range from 0 to 21 µg/plant/MJ (P < 0.05). The P uptake amount was not significantly different when the NH 4 -N application amount ranged from 21 to 84 µg/plant/MJ. The P uptake amount decreased significantly when the NH 4 -N application amount reached 168 µg/plant/MJ Li et al. (2002) reported that the P uptake capacity of plants was closely related to the root shape, lateral root number, root length and root density. The reduction of P absorption may be related to the shortening of roots in the present studies. Figure 1 also shows that the uptake amounts of K, Ca, and Mg of Chinese chive plants tended to decrease with the increase of the NH 4 -N application amount. The reduction of the uptake amounts of K, Ca, and Mg in the present study might reflect an antagonism to NH 4 -N. Peuke et al. (1993 Peuke et al. ( , 1994 found that the release of H + associated with the uptake of NH 4 -N by roots decreased the uptake of cations, such as K
2+ . We obtained similar results in our previous study using the DFT system (Wu et al., 2008) .
In addition, the highest yield was obtained when the NH 4 -N application amount was 84 µg/plant/MJ and the corresponding uptake amounts of NH 4 -N, NO 3 -N, P, K, Ca, and Mg were 10.7, 14.6, 6.0, 22.5, 3.3 , and 2.0 mg·plant −1 , respectively, as shown in Figure 1 .
Effect of NH 4 -N uptake amount on dry weight of Chinese chive plants (comparison of the data between the present and previous reports) To determine whether the decrease of the dry weight of Chinese chive plants with the increase of total N concentration in the nutrient solution obtained in our previous report using the DFT system (Wu et al., 2008) was due to excessive application and/or excessive uptake of NH 4 -N, we compared the analytical results of the nutrient solution obtained in the present report to our previous report. Although the NH 4 -N uptake amount of Chinese chive plants increased with the increase of NH 4 -N concentration in the nutrient solution in both reports, the average NH 4 -N uptake amount per gram dry matter was significantly different at the same NH 4 -N concentration in both nutrient solutions, presumably because the amount of nutrient solution supplied (concentration multiplied by the given amount) was different. For example, when the NH 4 -N concentration of the nutrient solution was 4 me/L, the average NH 4 -N uptake amounts in the present and previous reports were 22.5 mg and 38.2 mg, respectively, with the latter value 0.7 times higher than the former. These results indicated that the corresponding amount (volume) of nutrient solution per unit plant and the renewal number and/or application interval of the nutrient solution should be considered when the effect of the nutrient solution on plant growth in hydroponic culture is examined.
Table 2 also shows that although the NH 4 -N concentration of the nutrient solution required to obtain the highest dry matter yield differed considerably, the values of the average NH 4 -N uptake amount per gram dry matter were similar, namely 28.6 mg and 22.5 mg in the previous and present reports, respectively ( Table 2 ). The dry weight in both reports decreased when the NH 4 -N uptake amount exceeded this level. Moreover, our experiments revealed that the NO 3 -N uptake amount per gram dry matter was not influenced by the total N concentration (previous report) and NH 4 -N application amount (present report). These results indicate that the growth of Chinese chive plants was impaired when the NH 4 -N uptake amount per gram dry matter reached 33.5 mg (present report) or 35.2 mg (previous report); therefore, it appears that the decrease of the dry weight of Chinese chive plants with the increase of the total N concentration in the nutrient solution was due to the excessive uptake of NH 4 -N.
Effect of NH 4 -N concentration and NH 4 -N application amount on NH 4 -N uptake amount of Chinese chive plants (comparison of the data between the present and previous reports) To investigate the effect of the NH 4 -N application amount on the NH 4 -N uptake amount, we performed regression analysis of the data of the total NH 4 -N application amount (x) and NH 4 -N uptake amount (y), as shown in Figure 2 . There was a linear relationship between the NH 4 -N uptake amount and NH 4 -N application amount in Chinese chive plants (r = 0.9878***, P < 0.01) when the NH 4 -N application amount was lower than 20 mg/plant, and the regression equation was as follows: y = 1.353x − 0.032. When the NH 4 -N application amount was higher than 20 mg/plant, the regression equation was as follows: y = x ÷ (0.427 + 0.018x) − 1.124, which is in agreement with the law of diminishing returns (Edwin, 1892) . This regression equation showed that although the NH 4 -N uptake amount increased with the increase of the NH 4 -N application amount, the increase of the NH 4 -N uptake amount per increase unit of the NH 4 -N application amount gradually decreased with the increase of the NH 4 -N application amount. This indicated that excessive NH 4 -N application affected absorption because of the toxic effect on the growth of Chinese chive plants. Based on the results shown in Figure 2 and Table 2 , we can conclude that there was a closer relationship between the nutrient application amount and nutrient uptake amount than with the nutrient concentration of the nutrient solution. Therefore, the corresponding amount (volume) of nutrient solution per unit plant and the renewal number and/or application interval of the nutrient solution should be carefully considered when the effect of the nutrient solution on the growth and nutrient uptake of plants is examined. 
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